Scheimpflug slit images of the crystalline lens are distorted due to the refracting properties of the cornea and because they are obliquely viewed. We measured the aspheric curvature of the lens of 102 subjects ranging in age between 16 and 65 years and applied correction for these distortions. The procedure was validated by measuring an artificial eye and pseudophakic patients with intraocular lenses of known dimensions. Compared to previous studies using Scheimpflug photography, the decrease of the radius of the anterior lens surface with age was smaller, and the absolute value for the radius of the anterior and posterior lens surface was significantly smaller. A slight decrease of the posterior lens radius with age could be demonstrated. Generally, front and back surfaces were hyperbolic. Axial length was measured of 42 subjects enabling calculation of the equivalent refractive index of the lens, which showed a small, but highly significant decrease with age. These new findings explain the lens paradox and may serve as a basis for modelling the refractive properties of the lens.
Introduction
Until the experiment of Brown, (1974) , it was widely believed that the surface of the unaccommodated crystalline lens flattens with age (Davson, 1972) . Using Scheimpflug photography in a cross-sectional study of 100 subjects of various ages, Brown demonstrated that the aging lens becomes more convex. He found a substantial decrease of the radius of the anterior lens surface from about 15 mm to approximately 8.5 mm between the age 20 and 80 years of age. The posterior lens radius declined from 8.5 to about 7 mm. This would imply an increase in lens power and a tendency toward myopia in the older eye, because other dimensions of the eye do not change significantly with age. However, between the ages of 30 and 65 a hypermetropic shift can be observed (Slataper, 1950) . This paradoxical feature of the decrease of the radius of curvature of the crystalline lens with age without the eye becoming more myopic has been called the 'lens paradox' (Koretz & Handelman, 1986 .
To explain the lens paradox there must be a compensating mechanism in the eye that prevents the eye from becoming myopic. Because neither the axial length nor corneal curvature show considerable changes with age, a decrease of the refractive index of the lens has been suggested as such a compensating mechanism. Models have been developed to describe the shape of the refractive index distribution. Smith, Atchison, and Pierscionek (1992) proposed an age-dependent model that described the theoretical change of the refractive index needed to compensate for the sharpened lens curvatures. Nevertheless, so far no empirical study has been able to show a decrease of the gradient refractive index with age. Pierscionek (1997) found no significant agedependent changes in the refractive gradient index measured in isolated lenses. Glasser and Campbell (1999) also found no evidence in support of the lens paradox in isolated human lenses or in decapsulated human lenses. According their results, the equivalent refractive index of the lens was not age-dependent and agreed well with values used in schematic eye models. Therefore, Glasser and Campbell suggested that previous hypotheses about the lens paradox were not entirely correct and might result from complications that arise from using the Scheimpflug technique.
The difficulty with optical techniques like Scheimpflug photography is that the anterior lens surface as shown on the photograph has been refracted by the anterior and posterior cornea surface. The posterior lens surface is observed through both the cornea and the lens itself. This refraction occurring at the various interfaces together with the distortion as a result of the geometry of the Scheimpflug camera (Ray, 1995) gives a distorted picture of the anterior segment. Therefore, correction is needed before accurate measurements can be obtained (Richards, Russell, and Anderson, 1988) . For the Topcon SL-45 Scheimpflug camera, Kampfer, Wegener, Dragomirescu, and Hockwin (1989) showed that this distortion is not negligible. For example, on average the radii of the anterior and posterior lens surface appear 13 and 50% respectively too large on the photograph. To correct for the refraction of the cornea and the distortion due to the geometry of the camera, Brown (1972a Brown ( , 1974 constructed a model cornea with a spherical anterior and posterior surface. At various positions behind this cornea, he placed object targets having curves with radii of 5, 10, 15 and 20 mm, which he photographed with the Scheimpflug camera. Brown (1974) used the changes of these curvatures on the photographs as a guideline to correct the anterior and posterior lens curvature for the refraction of the cornea and the distortion due to the geometry of the camera. Although the posterior lens surface is also refracted by the lens itself, Brown did not compensate for this refraction. Olbert (1988) , Sparrow, Bron, Brown, and Neil (1990) also measured the lens curvature using Scheimpflug photography. Both studies showed the same trend of decreasing radius of curvature with age, but comparison with the results of Brown (1974) is not possible, because no correction for the refraction of the cornea and lens was applied.
Scheimpflug photography is not the only method that can be used to measure the curvature of the lens. Hemenger, Garner, and Ooi (1995) used phakometry, which is based on measuring the size of the Purkinje images of the cornea and lens surfaces. This method corrects for the refraction of the front surface of cornea and lens (Obstfeld, 1978) . In the study of Hemenger et al. (1995) , the group of subjects was split into an older and a younger group. The older group exhibited smaller radii for the lens surfaces than the younger. However, the found radii for both the anterior and posterior lens surfaces were at least about 2 mm smaller than Brown's values and the decrease of the radius with age was less prominent. The values of Hemenger et al. (1995) correspond with the values of the radii of the Gullstrand non-accommodated schematic eye, whereas according to the results of Brown (1974) the Gullstrand schematic eye would correspond to the crystalline lens of someone around the age of 70. Goss, Van Veen, Rainey, and Feng (1997) also using phakometry measured lens radii of 176 subjects aged between 21 and 44 years (mean 26 years). Mean radius of the anterior lens surface was about 10 mm and radius of the posterior lens surface just beyond 6 mm, which also agreed with the corresponding radii of Gullstrand's schematic eye.
The results of Brown (1974) have been widely quoted in textbooks and other publications. However, due to the contradictory results of more recent studies, the values of the curvatures of the lens surfaces and the extent or perhaps even the existence of the lens paradox (Glasser and Campbell, 1999) are unclear. Furthermore, this indistinctness obstructs an adequate discussion about the nature of accommodation and the origin of presbyopia.
The purpose of the present investigation was to accurately measure curvature of the crystalline eye lens during lifetime. Scheimpflug images were made of subjects of various ages and individual ray tracing was applied to correct for the refraction of the front and back surface of the cornea and front surface of the lens. Furthermore, axial length was measured enabling calculation of the equivalent refractive index of the crystalline lens. The elaborate digital analysis and the distortion correction provide new reliable data on the shape of the aging human lens.
Methods
Scheimpflug images of the right eye were made of 102 subjects ranging between 16 and 65 years of age (mean, 39.2 years). The group consisted of 45 females and 57 males (average age: females 36.99 13.3 years; males 41.09 12.3 years). The age-limit of 65 was chosen to minimize the prevalence of any form of cataract. Experiments were undertaken with the understanding and written consent of each subject. None of the subjects had ocular abnormalities, diabetes mellitus, cataract or prior ocular surgery that could have influenced the shape of the crystalline lens. The mean equivalent refractive error (ERE) was − 1.1 D and the group consisted of 42 myopes (EREB − 0.5 D), 47 emmetropes (− 0.5 D5 ERE 5 + 0.5 D) and 13 hypermetropes (ERE \ + 0.5 D). There was no correlation between refractive error and age. Subjects with astigmatism larger than 1.5 D were excluded.
To visualize the crystalline lens as much as possible without influencing the accommodation system, dilation of the pupil is necessary. Therefore, cycloplegia was not used, because paralysis of accommodation might not be identical to the physiologically unaccommodated state (Brown, 1974; Olbert, 1988) . The right pupil was dilated with two drops of 5% phenylephrine HCl, which only slightly affects the accommodative amplitude of the eye (Gimpel, Doughty, & Lyle, 1994; Zetterstrom, 1987) . After dilation of the pupil, refrac-tive error and astigmatism in the central zone of both eyes were measured with a Topcon KR-3500 auto kerato-refractometer. Subsequently a cornea topogram of the right eye was made with a Keratron corneal analyzer to determine peripheral astigmatism and check the cornea for irregularities.
Images of the anterior segment of the right eye were made using the Nidek Eas-1000 Scheimpflug camera (Sasaki, Sakamoto, Shibata, & Emori, 1990; Sakamoto, Sasaki, Nakamura, & Watanabe, 1992) , which is equipped with a CCD b/w camera. Images were made from the temporal direction with the slit beam vertically oriented. The left eye focused at infinity, while the right eye was photographed. Fig. 1 shows a schematic drawing of the experimental setup. The following procedure was used. Firstly, the subject was asked to look with the right eye at the fixation light in the Scheimpflug camera. Under infrared light, the entire front surface of the cornea was imaged on a monitor screen and the camera was adjusted to the optical axis of the patient's cornea by positioning the corneal reflex into the center of the pupil. If the pupil was eccentric, the limbus center was used (Barry & Backes, 1997) . Secondly, the subject was asked to fixate an illuminated black Maltese star with the left eye. The star was at the same height as the fixation light in the camera and was located 1 m from the left eye. Its lateral position could be adjusted by a remote control to correct for vergence. To obtain the unaccommodated state of the eye a +1 D lens and the refractive correction were placed in a lens holder directly in front of the left eye. Subjects wearing contact lenses kept the left lens in. Subsequently, an image subtending 640× 400 pixels and with a dynamic range of 8 bits (maximally 256 different gray values) was made of the unaccommodated right eye and off-line processed in the following way. Edges were detected using a Canny filter (Canny, 1986) which acts in two steps: first, the image was smoothed by Gaussian convolution and then a simple 2-D first derivative operator was applied to highlight regions with high first spatial derivatives. Edges give rise to ridges in the gradient magnitude image, so the apparent contours of the four intraocular surfaces could be found by determining the maximal gradient values. Usually an edge is not located in the center of the pixel with the maximum gradient value, but the gradient value of the neighbouring pixels give additional information on the exact location. The following weighting function was chosen:
Weighting factor=
Where G max is the gradient value of the pixel with the maximum gradient value, G i the gradient value of its neighbouring pixels and D the pixel size.
It is assumed that each intraocular surface is rotationally symmetric and can be described by a conic of revolution with the optical axis chosen along the y-axis (Malacara, 1988; Howcroft & Parker, 1977) :
where c= 1/r with r being the radius of curvature at the vertex (x 0 , y 0 ). The conic constant k is a function of the eccentricity of the conic surface. According to the value of k, the surface is a: hyperboloid, kB 0; paraboloid, k= 0; prolate spheroid, or ellipsoid, 0BkB 1; circle, k= 1; oblate spheroid, k\ 1. The preceding function was fitted through the weighted pixels to describe the intraocular surfaces. To be able to compare our results to earlier measurements of the radius of the lens and to investigate the lens paradox, also a spherical fit was made through the 3 mm zone of each surface of the anterior eye segment. This 3 mm zone is regarded as the optical zone, which is most important for vision.
In the Nidek Eas-1000, the object and lens plane are tilted with respect to the optical axis, while the image plane is perpendicular to it (Fig. 1) . The object distance (6) was given in literature (Sakamoto & Sasaki, 1994) . The image distance (b) was calibrated by making Scheimpflug images of six steel balls with known radii (6.50, 7.00, 7.15, 7.50, 8.00, 8.75 mm). The position of The camera photographed the right eye from 45°temporal of the slit beam, which was aligned with the optical axis. The lens holder in front of the left eye carried the refractive correction and a + 1D lens, which placed the Maltese star at infinity. Its lateral position could be varied to enable adjustment of the Scheimpflug camera along the optical axis of the right eye. The object and lens plane are tilted with respect to the optical axis. L indicates the anamorphic lens, which has been placed to reduce the distortion of the image due to the geometry of the camera. Fig. 2 . Schematic drawing of the artificial eye, which consists of a pseudo cornea (R1 =8.90, R2=8.29 and D1= 0.50 mm, n= 1.473) and a biconvex lens (R3= 13.06, R4 = −13.04 and D2 = 4.28 mm, n = 1.535). The distance between the pseudo cornea and the biconvex lens can be varied using a translation stage. The artificial eye is filled with distilled water of 20°C (n= 1.334).
manner. However, because the value of the refractive index of the crystalline lens shows an interindividual variation and probably changes with age, the posterior radius of curvature and the thickness of the lens cannot be determined using one single value for the refractive index of the lens. Nevertheless, the equivalent refractive index of the lens (n l ) can be calculated by combining measurements of refractive error, intraocular distances and the radii of the cornea and lens. Therefore, additionally axial length was measured of those subjects whose posterior lens surface was clearly visible on the Scheimpflug images. Measurements were made with the IOL Master ® Zeiss, which is based on partial coherence interferometry (Drexler, Findl, Menapace, Rainer, Vass, Hitzenberger, & Fercher, 1998) . Calculation of an accurate n l was performed by an iterative process, which consisted of correcting the image using a starting value for n l , calculating the new n l and correcting the image again with this more accurate value of n l . This iterative process was stopped when the difference between the n l used to correct the Scheimpflug images and the n l calculated afterwards was smaller then 0.0005. To calculate n l , the radius of the central 3 mm zone of each surface of the anterior segment was used, which is regarded as the optical zone and which is most important for vision. Refractive index of the vitreous was taken as 1.336.
To validate the method in vitro, an artificial eye has been constructed, which was filled with distilled water of 20°C (Fig. 2) . A scleral contact lens and a biconvex lens represented the cornea and the crystalline lens respectively. The distance between the cornea and the lens could be varied using a translation stage (resolution 10 mm). Radii and thickness of the two lenses were measured by Pharmacia, Groningen using interferometry and a 'Mitutoyo height micrometer'. Scheimpflug images were made of the artificial eye with the anterior chamber depth varied in steps of 0.5 mm.
To validate the method in vivo, Scheimpflug images were made of four subjects with intraocular lenses, three located within the capsular bag and one in front of the iris. The dimensions of these implant lenses were given by the manufacturer and compared with the values measured in vivo.
Results
The edges of the various components of the artificial eye appeared on the Scheimpflug images as narrow bands and were more difficult to detect than the sharp and clear edges of the human crystalline lens. Therefore, the edges were not detected using the Canny edge filter, but by setting a threshold. Consequently, the radii could not be fitted with subpixel precision. Fig. 3 shows the radius of the anterior and posterior lens each steel ball was varied in the y-direction (Fig. 1) to make the edge appear at different locations in the Scheimpflug image.
To obtain the real shape of the various refracting surfaces and their mutual distances, two corrections have to be applied to the image. Firstly, correction is needed for the tilted object plane of the Scheimpflug camera, which distorts the image, as the object distance is not the same for each point in the object plane (in the Nidek Eas-1000, an attempt has been made to reduce this distortion by setting an anamorphic lens at the back of the imaging lens). Secondly, correction is needed for the refraction of up to three surfaces: the anterior and posterior surface of the cornea and the anterior surface of the lens. The anterior surface of the cornea only suffers from the first distortion. Therefore, ray tracing (Hopkins & Hanau, 1962) should be applied to the anterior corneal surface at the image plane (i.e. CCD-chip), through the optics of the camera, to the object plane enabling measurement of the undistorted shape of the anterior surface of the cornea. Subsequently the posterior corneal surface should be traced through the optics of the camera and the anterior corneal surface to obtain the undistorted coordinates of the posterior corneal surface. The anterior surface of the lens should then be traced through the optics of the camera and the anterior and posterior surfaces of the cornea. Finally, the posterior surface of the lens should be traced through the optics of the camera and its three preceding refractive surfaces.
Because the refractive index of the cornea (n = 1.376) and aqueous (n = 1.336) are well known and are reported not to change with age, the correct radius of curvature of adjacent surfaces and the distances between them, can be determined in a straight-forward surface of the model lens as function of anterior chamber depth before and after correction of the image. The radius of the posterior lens surface could not be determined if the anterior chamber depth was larger than 3.6 mm. After correction, no significant change in radius or lens thickness as function of anterior chamber depth can be observed. Without correction, both the anterior and posterior lens radius change significantly as function of anterior chamber depth. The uncorrected radius of the posterior lens surface is not depicted in Fig. 3 , because of its high value. Table 1 shows the actual values and the measured values before and after correction and the belonging uncertainties. The uncertainties of the uncorrected values were composed of the uncertainty in the fit and the influence of the threshold. The uncertainties of the corrected values also included the propagation of the errors of the preceding surfaces. It was assumed that the errors followed the normal distribution. Fig. 4 . Anterior radii of four intraocular lenses according to the manufacturer, and before and after correction of the Scheimpflug image. The first three lenses are posterior chamber lenses, which have been implanted in the capsular bag. The fourth IOL is a high myopia anterior chamber lens, which is attached to the iris and situated in front of the crystalline lens. The edges of the IOL's of the pseudophakic patients were also difficult to detect, because intraocular lenses do not show much light scatter and are very thin (less than 1 mm) compared to the human crystalline lens. Furthermore, edge detection was more complex because the IOL's had been placed in the capsular bag, except for the anterior chamber high myopia lens, which had been attached to the iris. Therefore, edges were again detected by setting a threshold. Fig. 4 and Fig. 5 show the radii of the anterior and posterior surface of the intraocular lenses according to the manufacturer, the uncorrected and corrected image. The error for the corrected values of the radius of the anterior surface was estimated using the uncertainty in the fit and by varying the threshold and the radius and the conic constant of the anterior cornea surface with 0.2 and 0.2 Table 1 Radius of curvature and thickness of both elements of the artificial eye (see Fig. 1 mm, respectively. For the estimation of the error of the radius of the posterior surface of the IOL, the uncertainty in the radius of the anterior surface was included. The error of the uncorrected radii of both anterior and posterior surface of the IOL only consisted of the uncertainty in the fit and the influence of the threshold. It was assumed that the error followed the normal distribution. For small radii the correction has a profound effect, but the effect is negligible for IOL's with a slightly curved surface (see second IOL in Fig. 4) . The uncorrected radii of the IOL's differ significantly from the radii provided by the manufacturer, but the corrected values of the radii do not differ more than two times the standard deviation from the specifications of the manufacturer. The radius of the anterior lens surface was on average within 4% of the specifications and the radius of the posterior lens surface was within 10%. The thickness of the IOL's was measured with an accuracy better than 7%.
As an example of the influence of the correction, the upper part of Fig. 6 presents an uncorrected Scheim- pflug image of a 27-year-old male, while the lower part presents the corrected version. After correction, the cornea has become thicker, the anterior chamber deeper and the radii of the lens smaller. The 3 mm zone is marked in the corrected image. A schematic drawing of the influence of the correction on this image is depicted in Fig. 7 .
There was good agreement between the radius of the cornea in the vertical meridian measured with the Scheimpflug camera and the auto kerato-refractometer. The mean difference (9S.D.) between the radius of the 3 mm zone of the cornea according to the Scheimpflug measurement and the radius obtained from the auto kerato-refractometer was 0.039 0.075 mm.
The radius of curvature for the 3 mm zone of the anterior lens surface is plotted against age in Fig. 8 . There is a highly significant decrease (r= −0.54; P B 0.0001) of the radius of the anterior lens surface with age. Correlations are calculated using the formulas for Pearson correlation coefficients. During aging, the lens becomes thicker and the pupil less wide after dilation with phenylephrine. Consequently, the 3 mm zone of the posterior lens surface could not always be imaged. Therefore, only images of 65 subjects out the 102 subjects could be used to make a fit through the central 3mm zone of the posterior lens surface. Of those 65 subjects, axial length data were available for 42 subjects, allowing calculation of the equivalent refractive index (n l ). The calculated n l shows a linear decrease with age (Fig. 9) . Correlation was highly significant (r= −0.63; P B 0.0001). The individually calculated n l was used to correct the posterior lens surface, which is indicated by the open circles in Fig. 10 . There was a significant decrease with age (n =42; P= 0.03). The squares indicate 23 subjects whose axial length could not be measured, but whose posterior lens surface was corrected using an n l , which was found using the equation of the regression line in Fig. 9 . The correlation of the radius of the posterior lens surface with age for all 65 subjects in Fig. 10 was hardly significant (r= −0.24; n=65; P B0.053). If an age-independent n l of 1.42 (Gullstrand's value for the unaccommodated theoretical eye) had been used, there would have been a significant decrease of the radius of the back surface of the lens (r= −0.27; n= 65; P =0.02). The correlations of anterior and posterior lens radius with refractive error were not statistically significant.
In Fig. 11 the conic constant for the 5 mm zone of the anterior lens surface is plotted against age. The 5 mm zone represents the central and mid-peripheral region of the lens surface, which is optically most significant. There was no age-dependent relation and Fig. 10 . Radius of the 3 mm zone of the posterior lens surface plotted against age. The circles indicate 42 subjects whose posterior lens surface could be corrected with the individually calculated refractive index. Posterior lens radius =6.5 ( 90.3) − 0.017 ( 9 0.008)× age; r = −0.34; P= 0.03. The squares indicate those subjects whose posterior lens radius was found after correction with the age-dependent n l of Fig. 7 . Regression line for all 65 subjects is: posterior lens radius= 6.2 ( 9 0.2) −0.012 ( 90.006) ×age; r = −0.24; P = 0.053. mean conic constant was − 4, which means that the average anterior surface of the human lens is generally a hyperboloid. In comparison with the anterior lens surface, a smaller part of the back surface of the lens is visible due to the obstruction of the iris. With aging this difference will be greater due to thickening of the lens. Therefore, to find an age-related trend in the conic constant the 4 mm zone was used, because there were only 18 mainly young subjects whose central 5 mm zone of the posterior lens surface were visible. Fig. 12 Fig . 11 . Anterior lens surface. The conic constant k with age for the 5 mm zone of the anterior surface of the lens. k = −5.4 ( 9 1.6)+ 0.03 ( 9 0.04) ×age; n= 90; r= 0.08; P= 0.44. Correlation was not significant and the mean value of the conic constant was −4 9 4.7 (S.D.). The curvature at the vertex for the 5 mm zone was given by the equation: c = +0.075 ( 9 0.004) + 6.1 ( 9 0.9)× 10 − 4 × age; r= 0.59; n = 90; P B0.0001. rate values for the radii and thickness. Especially the values of the posterior lens radius differed considerably after correction. Measurements on the artificial eye showed that after correction the radius of the anterior and posterior lens surface became independent of the pseudo anterior chamber depth and did not differ significantly from the actual values. Measurements of the four intraocular lenses made clear that anterior and posterior radii of the IOL's could be measured with an accuracy better than 4 and 10% respectively. It can be expected that the radii of the crystalline lens were measured with a better accuracy than these values, because the edges of the artificial eye and especially the IOL's were much harder to detect than the clear and sharp edges of the human crystalline lens. The study population was not restricted to emmetropes as the population in the study of Brown. However, no significant correlation between anterior or posterior crystalline lens radius and refractive error was found and this finding is consistent with the results of Goss et al. (1997) . Furthermore, the study population was restricted to subjects with astigmatism smaller than 1.5 D, which corresponds to a maximal difference in corneal radius between meridians of 0.25 mm. Therefore, the maximal error in the radius of the anterior corneal surface used to correct the Scheimpflug image is also 0.25 mm. Yet this error will hardly influence the measured radii of the lens: the radius of the anterior and posterior surface will change about 10 and 30 mm, respectively.
Only the central 3mm zone of the cornea can be regarded as spherical. Using Scheimpflug imaging, the posterior lens surface and the periphery of the anterior lens surface are seen through the peripheral parts of the cornea. Therefore, the whole profile of the cornea was fitted by a conicoid equation and ray tracing was applied through this aspherical surface. As the asphericity of the cornea does not vary substantially between meridians (Kiely, Smith, & Carney, 1984 ), this will not influence age-related trends in lens radius.
To estimate the influence of the preceding refractive surfaces on the radius of the 3 mm zone of the anterior and posterior lens surface, an error analysis was performed. This analysis considered the errors associated with the fit, astigmatism, variations in refractive index and the propagation of all these errors through the different surfaces. Results indicate that the errors of the central radius of the anterior and posterior lens surface are both smaller than about 3%. The fact that the error in the radius of the posterior lens surface is not larger than the error in the radius of the anterior lens surface is due to the error associated with the fit: the more convex shape of the posterior lens surface can be fitted with more precision.
Another factor that could influence the Scheimpflug imaging is the fact that the slit beam is not viewed in shows the relation between age and the conic constant of the posterior lens surface for the 4 mm zone for 40 subjects. Mean conic constant was about − 3, which indicates that the surface of the posterior lens surface is also hyperbolic. As for the anterior lens surface, no significant age-related trend was found. Results on the shape of the crystalline lens are summarized in Table 2 .
Discussion
The aim of this study was to accurately measure the curvature of the crystalline eye lens during lifetime. For that purpose, Scheimpflug images were corrected using ray tracing. Validation of the method in vivo an in vitro made clear this correction is necessary to obtain accu- air, but through the cornea and lens. The apparent depth position of the slit beam is displaced towards the camera and it is upon the apparent slit beam that the camera needs to be focused. Therefore, the precise tilt of the image plane to meet to requirement of the Scheimpflug condition depends on the biometric dimensions of the anterior segment of the eye being measured. Brown (1972b) adjusted the image plane of his Scheimpflug camera to counteract the displacement of the slit beam due to the refraction of cornea and lens, but in the Nidek Eas-1000 Scheimpflug camera no such adjustment has been made. However, calculation shows that this does not have a large influence on the sharpness of the image. The size of a point from the slit beam imaged on the CCD-chip is generally smaller than one pixel and the shape is almost symmetrical. Only in the periphery of the anterior and posterior lens surface the size of the image exceeded the size of one pixel with a maximum of 1.5 times the pixelsize. This will make the periphery of the lens surfaces less sharp. To detect the edges a Canny edge filter was used, which is a gradient filter and locates the position of the highest gradient value. Due to blur, this gradient value is lowered, but this will not influence the position of the edge and thus the determination of the radius. From the Scheimpflug images in Fig. 6 , it can also be seen that the effect is not large. The edges of the surfaces of the human crystalline lens are rather sharp and can be easily detected. The increased blur in the periphery of the lens surfaces is hardly visible.
Our results do confirm the existence of the lens paradox in the sense that we also found a decrease of the radius of curvature with age, but there are two major differences between our results and those obtained by Brown (1974) . The first difference concerns the extent of the paradox. According to our results, the average decrease of the anterior radius is 57 mm per year, whereas Brown found a value of about 100 mm per year being almost twice as large. The slight decrease of the radius of the posterior lens surface, approximately 17 mm per year, corresponds to the findings of Brown. The second difference concerns the absolute value of the anterior and posterior lens radius, which are both smaller than the values found by Brown. The difference for the anterior surface is more than 3 mm at the age of 18, which decreases to 0.9 mm at the age of 65. During aging, the posterior radius remains on average 2.3 mm smaller, but this can be explained by the fact that Brown did not correct for the refraction of the lens itself. Yet, the rather big difference between the values for the radius of the anterior lens surface remains unclear. Perhaps the model cornea, which Brown used to correct his photographs, did not accurately represent the human cornea, or a slight magnification error might have been introduced during the conversion of the photographic image into an orthogonal coordinate system (Koretz, Kaufman, Neider, & Goeckner, 1989) . However, our findings closely resemble the results of recent phakometric studies (Hemenger et al., 1995; Goss et al., 1997) . Furthermore, the lens radii of the present investigation correspond with the radii of the Gullstrand non-accommodated schematic eye. Finally, also earlier measurements of lens radii listed by Duke-Elder and Wybar (1961) are consistent with our measurements.
To explain the lens paradox, it was suggested that with age the increased sharpness of curvature precisely and elegantly was balanced with increased lens thickness (Koretz & Handelman, 1986) . However, our calculations demonstrated that thickening of the lens only cancels out 15% of the decrease of the equivalent refractive index (n l ) needed to prevent the eye from becoming myopic with age. Calculation of the n l of the crystalline lens showed a highly significant age-dependent linear decrease. Error analysis indicated that if we assume the following uncertainties in our measurements: cornea radius: 0.1 mm, radius anterior lens surface: 0.4 mm, radius posterior lens surface: 0.6 mm, spectacle refractive error: 0.5 D, axial length: 0.2 mm, lens thickness: 0.15 mm, we would be able to calculate the n l with an accuracy of 0.007. Cornea thickness, anterior chamber depth and radius of the posterior cornea surface only had a minor influence on the calculation. According to the results of Brown (1974) , the n l should decrease by approximately 0.025 between 20 and 65 years of age to compensate for the more convex shape of the lens. However, according to our findings, the index should decrease from 1.434 to 1.416 during these 45 years, which is less than 0.018. This small decrease of the refractive index with age might make it clear why so far no in-vitro study has been able to show it. The rather small number of lenses used in these studies together with the wide individual variation in the dimensions of the human lens makes it hard to ascertain any age-related trend in the refractive index. Furthermore, tissue handling and removing the crystalline lens from the eye will most likely affect its shape and its optical properties. Therefore, accurate determination of the gradient refractive index distribution is difficult, especially because it is uncertain whether the n l changes with accommodative state.
Correction of the Scheimpflug images was carried out using the individually calculated n l of the lens. However, the n l of 23 subjects could not be calculated and therefore the age-dependent n l from Fig. 9 was used, which induced a small error in the n l . This error will influence the conic constant and radius of the posterior lens surface. Nevertheless, error analysis showed that a different n l does not lead to substantial changes in these parameters: an increase of the index of 0.02 resulted in an average decrease of the posterior lens radius of 0.12 mm, and in an increase of the conic constant of 0.02.
Measurement of the axial length allowed calculation of the equivalent refractive index of the lens. However, the measurement of the IOL-master is based on the refractive indices of the intraocular media and the values from Gullstrand's schematic eye (Hitzenberger, 1991; Drexler, Hitzenberger, Baumgartner, Findl, Sattmann, & Fercher, 1998) . As the thickness of the cornea and the refractive index of the aqueous and vitreous do not show wide variations, the only major error can arise from the refractive index and thickness of the lens. The maximum lens thickness measured in our study was 0.9 mm larger than the value of 3.6 mm used in the schematic eye resulting in an overestimation of the axial length of about 40 mm. If the equivalent refractive index of the lens is 0.02 higher than the value used by the IOL-master, the measured axial length should be reduced by 4 mm. These two errors are small and to some extent cancel each other out as the lens thickens with age and its refractive index decreases (an error in axial length of 40 mm alters the n l with 0.0006, which in turn changes the radius of the 3 mm zone of the posterior lens surface with about 5 mm). Therefore, the result of the measurement of axial length was not used in the iterative process to calculate n l .
So far, the origin of the decrease of the refractive index with age has remained unclear. It is suggested that the water content of the lens should increase resulting in a decrease of the refractive power. However, most recent studies on this topic do not support each other. Siebinga, Vrensen, Mul de, and Greve (1991) measured an increase of water content in the nucleus with age, whereas Lahm, Lee, and Bettelheim (1985) measured the opposite. Clarke, Campbell, and Piers (1998) reported an increase of refractive index in the centre of the lens. Another hypothesis is a change in the variation of the index gradient of the lens with age. Using the results of Brown (1974) , Smith et al. (1992) proposed a model to describe this variation. They showed that slight changes in lens refractive-index profile would be sufficient to negate the more convex shape of the lens with age. Yet if the lens radii of the present investigation were used an even slighter change would suffice.
The conic constants of the lens surfaces showed a wide variation and were, in contrast with the lens radii, not age-dependent. Mean conic constant showed that average shape of the front and back surface was typically hyperbolic. Howcroft and Parker (1977) calculated conic constants for cross-sections from 60 pairs of human isolated lenses. Their results also demonstrated considerable intersubject variability but on average showed the anterior lens surface to be hyperbolic and the posterior surface to be parabolic. According to our results, the posterior surface is hyperbolic, but the difference can be explained by the fact that Howcroft and Parker used isolated lenses. This may result in an unpredictable change of the shape of the lens. Our data on the shape of the human eye lens are important for development of schematic eye models and studies of the aberration of the human eye (Popiolek-Masajada & Kasprzak, 1999) .
In conclusion, then, our study confirms the existence of the lens paradox, although the decrease of the radius of the anterior lens surface is smaller than in earlier studies using Scheimpflug photography. There is a highly significant, but small decrease of the equivalent refractive index of the lens, which explains the lens paradox. Absolute values of the radii of the lens closely resemble values reported by phakometric studies and the Gullstrand non-accommodated schematic eye, but are significantly lower than the values given by Brown (1974) . Finally, we found that front and back surface of the human lens are on average hyperbolic.
